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Replication of herpes simplex virus type 1 (HSV-1) involves a step in which a parental capsid docks onto a
host nuclear pore complex (NPC). The viral genome then translocates through the nuclear pore into the
nucleoplasm, where it is transcribed and replicated to propagate infection. We investigated the roles of viral
and cellular proteins in the process of capsid-nucleus attachment. Vero cells were preloaded with antibodies
specific for proteins of interest and infected with HSV-1 containing a green fluorescent protein-labeled capsid,
and capsids bound to the nuclear surface were quantified by fluorescence microscopy. Results showed that
nuclear capsid attachment was attenuated by antibodies specific for the viral tegument protein VP1/2 (UL36
gene) but not by similar antibodies specific for UL37 (a tegument protein), the major capsid protein (VP5), or
VP23 (a minor capsid protein). Similar studies with antibodies specific for nucleoporins demonstrated atten-
uation by antibodies specific for Nup358 but not Nup214. The role of nucleoporins was further investigated
with the use of small interfering RNA (siRNA). Capsid attachment to the nucleus was attenuated in cells
treated with siRNA specific for either Nup214 or Nup358 but not TPR. The results are interpreted to suggest
that VP1/2 is involved in specific attachment to the NPC and/or in migration of capsids to the nuclear surface.
Capsids are suggested to attach to the NPC by way of the complex of Nup358 and Nup214, with high-resolution

immunofluorescence studies favoring binding to Nup358.

Herpes simplex virus type 1 (HSV-1) virions consist of four
prominent structures: the viral membrane, the tegument, the
DNA-containing capsid, and the DNA itself. The membrane is
a host-derived lipid bilayer, typically spherical in shape, with
the viral glycoproteins embedded in it. Among the glycopro-
teins are those that bind to host receptors and initiate fusion
between the cell and viral membranes, releasing the DNA-
containing capsid and tegument into the cytoplasm of the host
cell.

Upon entry into the cytoplasm, the capsid is transported to
the nucleus by way of its interactions with the minus-end-
directed microtubule motor protein dynein (14, 43). During
entry and transit to the nucleus, much of the tegument disso-
ciates from the capsid (19, 32, 33, 43), although at least two
tegument proteins, VP1/2 and UL37, remain associated (19,
32). Such partially tegumented capsids bind to the host nuclear
pore complex (NPC), where the viral DNA is released, a pro-
cess termed uncoating. The HSV-1 capsid remains on the
cytoplasmic side of the NPC, while the DNA enters the nucleus
by translocating through the pore (4, 27, 45).

NPCs are large multiprotein complexes that mediate trans-
port into and out of the nucleus (2). The vertebrate nuclear
pore is a 125-MDa complex (40) that traverses both the inner
and outer nuclear membranes. Each pore is composed of more
than 30 different proteins (11), called nucleoporins, that are
arranged with eightfold symmetry (16). NPCs can be thought
of in terms of three structural regions: the nuclear basket, the
central core, and the cytoplasmic filaments. The basket resides
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inside the nucleus, the central core is in the plane of the
nuclear envelope, and the cytoplasmic filaments project into
the cytoplasm (15, 44). The filaments are composed primarily
of Nup358 (12, 47, 50), with Nup214 and Nup88 existing as a
complex on the cytoplasmic face of the NPC (3, 28, 39). By
projecting into the cytoplasm, the filaments are in a position to
interact with HSV-1 capsids.

Capsid binding to the NPC occurs with a distinctive orien-
tation. The capsid binds with a vertex facing the pore channel
at a characteristic distance (40 to 50 nm) above the pore
(A.M.C., unpublished observations) (18, 38). This distance is
consistent with a possible interaction with the 35- to 50-nm-long
cytoplasmic filaments (5, 17, 30). Additionally, interactions have
been observed between nucleus-bound HSV-1 capsids and fila-
ments emanating from the nucleus (43).

Nuclear capsid binding and genome uncoating are two pro-
cesses that have remained poorly understood. The cellular
factors importin-B and Ran-GTP are essential for binding (38),
but neither the nucleoporins nor the viral proteins involved
have been identified. VP1/2 has recently been shown to play a
role in uncoating, long implied by the #sB7 mutant (26). tsB7
HSV-1 has a defect that allows nuclear capsid binding but not
uncoating at the nonpermissive temperature (4, 45). The mu-
tation maps to UL36, the gene encoding VP1/2 (4). Following
nuclear capsid binding, VP1/2 is cleaved to allow uncoating to
proceed (26). VP1/2’s role in nuclear binding and the possible
involvement of other herpesvirus proteins are not well under-
stood.

Here we describe the results of studies in which we tested
the involvement of herpesvirus capsid and tegument proteins
and nucleoporins in the early steps in infection. Blocking ex-
periments were performed with the use of herpesvirus and
nucleoporin antibodies introduced into cells by syringe load-
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FIG. 1. Nuclear capsid quantification. (A) Graph of nuclear capsid
binding over time. (B) Graph of nuclear capsid binding increase with
increased MOI.

ing. Additionally, microscopy and small interfering RNA
(siRNA) were used to address the involvement of nucleopor-
ins. Specifically, Nup358 was our primary candidate because of
its localization to the distal end of the cytoplasmic filaments
(47). On the viral side, VP1/2 was of particular interest because
of its role in uncoating, previous implications of VP1/2’s in-
volvement in nuclear binding, and its purported localization to
the capsid vertices (8, 36, 38, 51).

Our results show that VP1/2 plays an important role early in
infection prior to uncoating and that Nup358 is important for
HSV-1 nuclear capsid binding.

MATERIALS AND METHODS

Cells, viruses, and virus concentration. All experiments were performed with
Vero cells and with the K26GFP (13) strain of HSV-1 (a gift of Prashant Desai).
K26GFP is a KOS-derived mutant in which the gene encoding UL35 is fused to
the green fluorescent protein (GFP) gene. Capsids appear green when viewed by
epifluorescence due to incorporation of GFP-tagged UL35 into capsids.

Vero cells were maintained in 150-cm? flasks at 37°C with 7.5% CO, in
minimal essential medium (MEM) with 10% fetal bovine serum (FBS), L-glu-
tamine, and antibiotics. For large-scale virus purification, Vero cells were passed
to six 850-cm? polystyrene roller bottles. Prior to infection, cells were washed one
time with 30 ml per roller bottle MEM with 1% FBS, L-glutamine, and antibi-
otics. HSV-1 K26GFP was added at a multiplicity of infection of 3 and allowed
to attach for 1 h in a low medium volume (23 ml per bottle MEM, 1% FBS with
L-glutamine and antibiotics). Medium volumes were then increased to 56 ml per
bottle, and cells were incubated for 24 h at 37°C. Virus was then concentrated.
For this, medium was collected and spun in a clinical centrifuge to pellet cells and
cell debris. The pellets were discarded, and the supernatant was saved. The
supernatant was centrifuged for 1 h at 23,000 rpm at 4°C in a Beckman SW28
rotor to produce virus-containing pellets. Pellets were resuspended in 1X phos-
phate-buffered saline (PBS), aliquoted, and frozen.

Syringe loading. This method was adapted from that of Clark and McNeil (7).
Syringe loading is a method that allows the introduction of antibodies directly
into the cytoplasm of cells by shearing the cell membrane in an antibody-rich
solution. Small membrane tears allow the antibody to enter the cytoplasm. Tears
then reseal, leaving a living cell with antibody in the cytoplasm. For syringe
loading experiments, one 150-cm” flask of Vero cells (5 X 107 cells) was
trypsinized. One-fourth of the cells were washed, suspended in 1.5 ml serum-free
MEM, and allowed to rest for 20 min at 37°C with 7.5% CO,. For each sample,
66 wl of the cell suspension was mixed with Pluronic-68 (Sigma-Aldrich) to a
concentration of 2% (wt/vol) and antibody at a concentration between 0.2 and 1
mg/ml. The samples were taken up and down through a 27-gauge needle for a
total of 50 strokes. The cells were then pelleted at 2,500 rpm for 5 min and
resuspended in MEM (supplemented with L-glutamine and antibiotics) with 10%
FBS. Cells were then plated in eight-well chambered cover glasses (growth area,
0.7 cm? per chamber) (Nunc* Lab-Tek* II chambered cover glasses).

Quantification of nuclear capsids. To assess nuclear capsid binding, multiple
confocal images were taken of infected cells. Images were central nuclear sec-

NUCLEAR BINDING OF HSV-1 CAPSIDS 1661

tions. Each green dot present on the nuclear annulus was counted and scored as
representing one capsid. To validate the method, a time course was quantified.
At early time points (0 and 1 h postinfection), very few capsids were present on
the nuclear surface (Fig. 1A). At 2 h postinfection, a moderate increase was
observed, and a sharp increase in nuclear capsids was seen by 3 h postinfection
(Fig. 1A). Additionally, various virus dilutions were tested in infection. In these
experiments, green dots on the nuclear surface increased with increasing multi-
plicities of infection (MOIs) (Fig. 1B).

Microscopy and image processing. All fluorescence microscopy was done with
a Nikon Eclipse TE2000-E fluorescence microscope (Improvision Open Lab
software) or a Zeiss LSM 510 confocal microscope. Prior to grouping images, a
calibration image was used to find the optimal contrast for each individual color.
All experimental images were then adjusted to those calibration image settings.
After images were compiled and grouped, the contrast was enhanced on two of
the grouped figures using Adobe’s Photoshop software.

siRNA. Vero cells were plated in 96-well plates (0.32-cm? growth area per
well) in antibiotic-free MEM with 10% fetal calf serum at 60% confluence 24 h
prior to transfection. A lipid transfection reagent was used to deliver targeted
RNA duplexes and nontargeted control RNA duplexes at a final concentration
of 100 nm. More specifically, pools of targeted double-stranded RNA duplexes
were obtained from Dharmacon (ON-TARGETplus SMARTpools). Four se-
quence targets were used per gene (Nup358 sense sequences, GCGAAGUGA
UGAUAUGUUU, CAAACCACGUUAUUACUAA, CAGAACAACUUGC
UAUUAG, and GAAGGAAUGUUCAUCAGGA; TPR sense sequences, GA
AGAAGUGCGUAAGAAUA, UCAGUUGACUCCAGGAAUA, UCAAGG
AGGUUUAGGAAUG, and GGCAUACACUUACUAGAAA; and Nup214
sense sequences, UCAAAUACCUCUAACCUAU, GCAACACCCUCCACUA
AAG, GAAAUCGUGACUCUGGUUA, and CCACAAGCCUAACUAGU
AC). Sequence targets were derived from human sequences because of a lack of
green monkey (Vero cell) sequence availability. Each duplex pool was diluted to
10 pM in 1X buffer (10 mM KCl, 6 mM HEPES [pH 7.5], 0.2 mM MgCl,).
DharmaFECT lipid reagent 1 was diluted 1:8 in serum-free, antibiotic-free
MEM. siRNAs were further diluted in serum-free, antibiotic-free MEM (7.4 pl
10 uM siRNA with 105 wl MEM). This siRNA solution was incubated for 30 min
at room temperature with lipid and serum-free MEM (100 pl siRNA, 10 pl lipid,
90 pl MEM). After incubation, 450 pl MEM with 10% fetal calf serum was
added to each sample. One hundred microliters of this 100 nM solution was
added per well and allowed to incubate at 37°C with 7.5% CO, for 24 h. After
24 h, transfections were repeated. Forty-eight hours post-initial transfection, cells
were trypsinized and replated into eight-well chambered cover glasses to a
confluence of 60%. At 72 h post-initial transfection, cells were infected with the
K26GFP strain of HSV-1 at an MOI of 300. For infection, cells were brought to
room temperature. Concentrated virus was added and allowed to attach for 1 h
at 4°C in MEM with 1% fetal calf serum. The medium was then aspirated to
remove any unattached virus. The medium was replaced with warm MEM with
1% fetal calf serum, and cells were incubated at 37°C with 7.5% CO, for 3 h.
Cells were then washed one time with 1X PBS and fixed by submersion in 4%
paraformaldehyde for 5 min. Cells were then washed three times with 1X PBS
before being immunostained (described below) and viewed in the fluorescence
microscope.

Immunofluorescence. Postfixation, cells were permeabilized by one of two
methods: (i) submersion in ice-cold methanol for 4 min or (ii) submersion in
digitonin (40 pg/ml in PBS) for 10 min at room temperature. Methanol-perme-
abilized cells were then washed once in 1X PBS, and digitonin-permeabilized
cells were washed three times in 1X PBS, followed by blocking with 5% goat
serum in 1X PBS at room temperature for 1 h. Primary antibody was added at
the optimized dilution for 1 h at room temperature. Cells were washed three
times in 1X PBS. Secondary antibodies (Alexa-conjugated goat antimouse or
goat antirabbit [Molecular Probes]) were added at a dilution of 1:2,000 for 1 h at
room temperature. Cells were washed three times in 1X PBS, and a 4,6'-
diamidino-2-phenylindole stain (0.5 wg/ml in 150 mM Tris-Cl [pH 7.5]) was
added for 5 min. Cells were washed three times in 1X PBS and viewed by
fluorescence microscopy.

Native labeling. Cells were grown in eight-well chambered cover glasses to
75% confluence. Cells were washed one time in 1X PBS and permeabilized by
the addition of digitonin (40 pg/ml in PBS) for 10 min at room temperature.
Cells were washed three times in 1X PBS and labeled as described above. After
a final wash following secondary antibody removal, cells were fixed by submer-
sion in 4% paraformaldehyde for 5 min.

Colocalization analysis. Confocal images were opened in the ImageJ software
program (National Institutes of Health) and run through the Colocalization
Finder plugin (C. Laummonerie and J. Metterer, 2006) to generate images in
which colocalized pixels appear white. Images were then opened in Adobe
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Photoshop. The numbers of white pixels and green pixels present on the nuclear
surface were determined. The number of white pixels for each nucleus was
divided by the total white and green pixels for the nucleus and expressed as a
percentage. A total of 50 nuclei per sample were analyzed.

Antibodies. Anti-CD3 antibody was used as a control in syringe loading ex-
periments. Anti-CD3 was purified from the hybridoma cell line CRL-1975 (29)
(provided by Timothy P. Bender) and conjugated to Alexa-594 succinimidyl ester
(Molecular Probes) to produce a control antibody that emits red fluorescence.
The labeling instructions provided with the amine-reactive probe were followed.
For Western blots, importin-f3 was used as a loading control and probed with
monoclonal anti-importin-g (31H4; Sigma-Aldrich). For syringe loading exper-
iments and immunofluorescence experiments, the following antibodies were
used: anti-VP5 (6F) (34), anti-VP23 (1D2) (37), UL37 rabbit antiserum (42)
(provided by Frank Jenkins), VP1/2 rabbit antiserum (48) (Schipke & Sodeik,
personal communication) (provided by Beate Sodeik and Ari Helenius), Nup358
rabbit antiserum (49) (provided by Elias Coutavas and Giinter Blobel), and
Nup214 QES5 (39) (provided by Bryce Paschal). For syringe loading, monoclonal
antibodies were used at a concentration of 1 mg/ml and serum was used undi-
luted, with the exception of Nup358 serum, which was diluted 1:100. For immu-
nofluorescence, antibodies were used at the following dilutions: VPS5, 1:250;
VP23, 1:500; VP1/2, 1:250; UL37, 1:300; Nup358, 1:250; Nup214, 1:250; and TPR
(1A8, Novus Biologicals), 1:600. For Western blots, antibodies were used at the
following dilutions: Nup358, 1:1,000; Nup214, 1:500; TPR, 1:1,250; importin-3,
1:4,000.

RESULTS

Antibodies specific for VP1/2 and Nup358 reduce HSV-1
nuclear capsid binding. To test the involvement of specific
herpesvirus proteins and nucleoporins in the process of capsid-
nucleus attachment, antibodies specific for selected proteins
were introduced directly into the cytoplasm of cells by syringe
loading (see Methods). The cells were subsequently infected
with HSV-1, and nuclear binding was assessed to determine if
the presence of antibodies affected the capsid’s ability to in-
teract with the host nuclear pore. It was reasoned that anti-
bodies would physically block capsid-nucleus interactions if
they were bound to sites (either on NPCs or capsids) important
for nuclear binding. We introduced herpesvirus-specific anti-
bodies, control antibodies, and nucleoporin-specific antibodies
to test the ability of each to perturb capsid-nucleus attachment.
Antibody uptake was confirmed by coloading with an Alexa
594-conjugated control antibody. Cells that exhibited a red
fluorescence signal in their cytoplasm were considered effec-
tively loaded (Fig. 2A). Antibodies were introduced 3 to 4 h
prior to infection with K26GFP HSV-1. After infection for 3 h,
nuclear capsid binding was assessed by fluorescence micros-
copy and counts of capsids bound to the surface of the nucleus

Nucleoporin Py

B Herpesvirus Antibodies C Antibodies (visualized as green punctum present on the nuclear surface)
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80 1 FIG. 2. Inhibition of nuclear capsid binding in syringe-loaded Vero
S E 60 - 3 cells. (A) Fluorescence micrographs of syringe-loaded Vero cells in-
g 60 - *% = fected with HSV-1 K26GFP. Note that accumulations of capsids are
3 o present at the nuclear surface of cells loaded with the following anti-
2 40 ® 40 | bodies: control, VP23, VP5, UL37, and Nup214 (arrows). (B) Graph
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20 4 anti-VP23, anti-VP1/2, and anti-UL37). (C) Graph of nuclear capsid
binding inhibition in cells loaded with nucleoporin antibodies (anti-
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8 > s - 8 3 3 between 40 and 50 cells were analyzed per sample per experiment.

Cells were infected 3 to 4 h after antibody loading. Nuclear binding was
assessed 3 h postinfection.
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A . i (Fig. 2A). A reduction in the number of nuclear capsids was
» HSV-1 Protein GF'a sid__ DAPI interpreted as antibody interference with the capsid’s ability to

VPS5 : & interact with the nuclear pore, indicating a role for the protein
in the binding process.

The results show a binding reduction with anti-VP1/2, one of
four herpesvirus antibodies tested (Fig. 2A and B). The pres-
ence of antibodies to VPS5, the triplex component VP23, and
UL37 in the cytoplasm of infected cells did not affect the ability
of capsids to accumulate at the nuclear surface (Fig. 2A and
B). The presence of antibodies to VP1/2 in the cytoplasm of
infected cells led to a 51% reduction in nuclear capsid binding
compared to results for controls (Fig. 2B). The ability of VP1/2
antibodies to reduce nuclear capsid binding is interpreted as
evidence that VP1/2 is involved early in infection.

Since herpesvirus capsids bind on the cytoplasmic side of the
nuclear pore, similar experiments were performed with anti-
bodies specific for the cytoplasmic nucleoporins. Like capsid
antibodies, nucleoporin-specific antibodies were introduced
into the cytoplasm of cells prior to infection with the K26GFP
strain of HSV-1. The presence of antibodies to the cytoplasmic
filament protein Nup358 in the cytoplasm of infected cells
coincided with a 48% reduction in nuclear capsid binding (Fig.
2A and C). A reduction was not seen with antibodies specific
for the protein Nup214 (Fig. 2A and C). This result supports
our hypothesis that capsids interact with the nuclear pore by
way of the cytoplasmic filaments, specifically the filament pro-
tein Nup358.

B. HSV-1 Protein  GFP-Capsid Herpesvirus antibodies recognize target antigens in infected

VP12 cells. To verify that herpesvirus antibodies were capable of
binding to their target antigen in the context of intact capsids,
immunofluorescence experiments were performed on cells in-
fected with K26GFP HSV-1. In the case of VP5, VP23, and
VP1/2, the antibody signal was coincident with the GFP capsid
signal (Fig. 3A) in fixed cells. In unfixed cells, VP1/2 and UL37
showed staining coincident with the GFP capsid signal (Fig.
3B). Costaining was observed with virions at the cell surface
and also with capsids at the nuclear surface (Fig. 3A and B). In
unfixed cells, background levels were too high to allow analysis
in cells stained with VP5 and VP23 antibody. The coincidence
of the two fluorescent signals indicates that all four antibodies
recognize capsid-associated antigen.

Native labeling with nucleoporin antibodies. Native labeling
experiments were performed to verify that nucleoporin anti-
C. Nucleoporin DAPI bodies bound to their target antigen under conditions similar
to those in syringe-loaded cells. For both Nup358 and Nup214,
the antibody was introduced into the cytoplasm of unfixed

FIG. 3. Immunofluorescent labeling of herpesvirus proteins and nucleo-
porins. (A and B) Fluorescence micrographs of cells infected with K26GFP
and immunolabeled for VP5, VP23, VP1/2, and UL37. Vero cells were
infected with HSV-1 for 3 h, immunolabeled with antibodies against HSV-1
proteins, and visualized with Alexa 594-conjugated secondary antibodies.
Capsids were detected by GFP signal. Note that GFP and protein labels occur
coincidently at the cell surface (arrowheads) and at the nuclear surface (ar-
rows) for VPS5, VP23, VP1/2, and UL37. Scale bar, 10 um. Cells in panel A
were fixed prior to labeling, while cells in panel B were fixed after labeling.
DAPI, 4',6'-diamidino-2-phenylindole. (C) Unfixed cells were immunola-
beled with nucleoporin antibodies. Both Nup358 and Nup214 antibodies
exhibited a nuclear staining pattern consistent with interaction with their
target antigen. Scale bar, 10 pm.
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FIG. 4. Nucleoporin removal by siRNA treatment. (A) Fluores-
cence micrographs of immunolabeled Vero cells transfected with
siRNAs specific for one of three nucleoporins: cytoplasmic filament
protein Nup358, cytoplasmic facing protein Nup214, or nuclear basket
protein TPR. Panels show nucleoporin signal (red) in siRNA-treated
cells relative to signal in untreated cells. Treatment is indicated in the
bottom left corner of each image, and staining is indicated at the top
of each image column. (B to D) Western blots with importin- serving
as a loading control. Samples were taken 72 and 96 h posttransfection.
“s” indicates cells transfected once. “d” indicates cells transfected
twice, at 0 and 24 h post-initial transfection. (B) Western blot of Vero
cells transfected with Nup358 siRNA alone and Nup358 siRNA plus
Nup214 siRNA. (C) Western blot of Vero cells transfected with TPR
siRNA. (D) Western blot of Vero cells transfected with Nup214
siRNA.

cells. For each antibody, the resulting stain was seen exclusively
at the nuclear surface (Fig. 3C). This is consistent with the
expected staining pattern and thus indicates that Nup358 and
Nup214 antibodies bind native antigen when introduced into
the cytoplasm of cells.

Specific depletion of Nup358, Nup214, and TPR by siRNA.
To further investigate the roles of nucleoporins in capsid-
nucleus attachment, siRNAs were used to selectively remove
nucleoporins from cells. Three nucleoporins were removed:
TPR, Nup214, and Nup358. As a nuclear basket protein, TPR
is not physically present on the cytoplasmic side of the nuclear
pore, where herpesvirus capsids bind; therefore, its removal
was not expected to influence nuclear capsid binding (9, 23).
Protein reduction was assessed by Western blotting and immu-
nofluorescence (Fig. 4). The greatest decreases in protein lev-
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FIG. 5. Nup214 and Nup358 localization in siRNA-treated Vero
cells. Fluorescence micrographs show nuclear localization patterns of
Nup214 and Nup358 with three different treatments. Vero cells were
transfected with siRNA specific for Nup214 or Nup358 or were given
no treatment. Seventy-two hours after transfection, cells were fixed
and immunostained for Nup214 and Nup358. Treatment is indicated
to the left of the image row. Label is indicated at the top of the column
of images. Note that untreated cells exhibit nuclear staining for both
Nup358 and Nup214. Nuclear Nup358 and Nup214 staining are greatly
reduced in Nup214 siRNA-treated cells. Nuclear Nup358 but not
Nup214 is reduced in cells treated with Nup358 siRNA. DAPI, 4',6'-
diamidino-2-phenylindole. Scale bar, 10 pm.

els were observed at 72 h posttransfection (Fig. 4B to D), so
this time was adopted for further experiments. Due to conflict-
ing reports in the literature concerning the effect of silencing of
Nup214 on the nuclear localization of Nup358 (6, 25), we
performed double immunofluorescence labeling experiments
to determine the effect of removal of Nup214 on Nup358
localization in our system.

We found that in cells treated with Nup214 siRNAs, removal
of Nup214 resulted in a concurrent loss of Nup358 from the
nuclear surface (Fig. 5) but not from the cell. With Nup214
siRNA treatment, cells maintained normal levels of Nup358
(Fig. 6B) as determined by Western blotting (data not shown),
but localization to the nuclear surface was reduced. Nuclear
loss of Nup358 was not observed in cells treated with either
nonspecific control siRNAs or TPR siRNAs (data not shown).
Treatment of cells with Nup358 siRNAs did not appear to
reduce Nup214 nuclear localization (Fig. 5). These observa-
tions were consistent with a previous report that Nup214 plays
a role in anchoring Nup358 to the nuclear surface (6); how-
ever, there exists some debate about this interaction (25, 47)
(see the review in reference 31 for a discussion of relevant
literature). We therefore cannot dismiss the possibility that
off-target effects from Nup214 siRNA treatments are respon-
sible for the Nup358 mislocalization.



VoL. 83, 2009

A.

No Treatment

Nup358 siRNA

Non-targeted siRNA®

Nup358 & Nup214 siRNA 50

NUCLEAR BINDING OF HSV-1 CAPSIDS 1665

B Nuclear Binding of Capsids

in siRNA Treated Cells
100 -

Lvd 90 -
80 -

70 - *

*k

60 -

% Control

40 -

30 1

20

Non-targeted
siRNA
TPR siRNA
214 siRNA
358 siRNA

Nup214 and
Nup358 siRNA [

FIG. 6. Nuclear capsid binding in siRNA-treated cells. (A) Fluorescence micrographs of immunolabeled and 4’,6’-diamidino-2-phenylindole-
stained siRNA-treated Vero cells infected with HSV-1 K26GFP. The siRNA treatment is indicated in the top left corner of each image. The
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surface 3 h postinfection. Scale bar, 10 wm. (B) Graph of Nup358 protein concentration (dark gray) and nuclear capsid binding (light gray) with
standard error shown (¥, P = 0.0025; #*, P < 0.0001; **, P = 0.002). Note that nuclear capsid binding reduction corresponds to Nup358 protein
concentration reduction except in the case of Nup214 siRNA, in which capsid binding is reduced in the absence of Nup358 protein reduction.

Nuclear capsid binding is reduced in cells depleted of
Nup358 or Nup214. We infected siRNA-transfected cells 72 h
after transfection, the time point of maximum protein reduc-
tion. As in syringe loading experiments, nuclear capsid binding
was assessed by counts of GFP-labeled capsids present on the
nuclear surface. Images of infected cells showed that untreated
cells or cells treated with nontargeted siRNA or control TPR
siRNA had accumulations of GFP-labeled capsids at the nu-
clear surface (Fig. 6A). Such accumulations were less often
observed in cells treated with Nup358 siRNA, Nup214 siRNA,
or both Nup358 and Nup214 siRNA (Fig. 6A). Counts from
confocal images are summarized in Fig. 6B. The results showed
that removal of the nuclear basket protein TPR failed to re-
duce the nuclear binding of capsids (Fig. 6B). In contrast,
removal of Nup214, Nup358, or both Nup214 and Nup358
reduced nuclear capsid binding to 54%, 54%, and 61% of
binding in control samples, respectively (Fig. 6B). For Nup358
siRNA-treated cells, nuclear capsid reduction corresponded to
Nup358 protein concentration reductions to 60% of the con-
trol level (Fig. 6B). Our results suggest Nup358 is an important
cellular factor involved in anchoring herpesvirus capsids to
host nuclei. While Nup358 appears to be essential, these re-
sults are less revealing about Nup214’s role in the binding
process, since its removal could not be uncoupled from the
removal of Nup358.

Nup358 resides exterior to Nup214 on the nuclear pore and
colocalizes with HSV-1 capsids. To better understand the rel-
ative locations of Nup358, Nup214, and herpesvirus capsids,

immunolabeled cells were examined by fluorescence micros-
copy. Immunogold studies have previously shown that Nup358
resides exterior to Nup214 on the nuclear pore (47). In light of
this, single Nup214 and Nup358 stains were performed on cells
infected with K26GFP HSV-1 to see if a difference could be
observed in the degree of colocalization between GFP HSV-1
capsids and either Nup214 or Nup358. Capsids were found to
colocalize with Nup358 (Fig. 7A, panels b and d) and to a
lesser degree with Nup214 staining (Fig. 7A, panels a and c).
The degree of colocalization was quantified and is expressed
here as the percentage of the nuclear GFP capsid signal that
overlapped with the red nucleoporin stain (Fig. 7B). The above
results support the idea that the capsid attaches to Nup358.

DISCUSSION

Virus replication can begin only after the viral genome has
been delivered to a site capable of supporting the production
of viral gene products and replication of the viral genome. In
the case of most DNA viruses, that means delivery of the viral
DNA into the host cell nucleus. This presents DNA viruses
with an interesting set of problems. The virus must sequester
the genome from the cellular environment with a protective
protein coat or capsid during trafficking to the nucleus while
retaining the ability to release the genome from its protective
location only at the appropriate time to allow uptake into the
nucleus. The signals and mechanisms viruses use to coordinate
these essential steps are not well understood.
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FIG. 7. Colocalization of herpesvirus capsids with Nup358 and
Nup214. (A) Immunofluorescence of HSV-1 K26GFP-infected Vero
cells. Cells were infected for 3 h and then fixed and stained for nucleo-
porins (red Nup214 in panels a and c or red Nup358 in panels b and d).
High magnification of nuclear capsids is shown in panels ¢ and d. A
greater degree of colocalization was seen between capsids and Nup358
(panels b and d) than between capsid and Nup214 (panels a and c).
Scale bar, 5 wm (panels a to d). (B) Graph of percent colocalization
between capsids and nucleoporins. Each bar represents the number of
green nuclear pixels overlapping with red nuclear pixels divided by the
total number of green nuclear pixels, expressed as a percentage.
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Some viruses employ a stepwise disassembly of the protec-
tive layers, initiated upon entry into the cell and completed at
the host nucleus. Adenoviruses use this strategy. First, the fiber
protein is removed when the virus is internalized. As the par-
tially uncoated capsid is released from the endosome, a viral
protease is activated, leading to further disassembly (10, 21,
22). Upon reaching the nuclear pore, the capsid interacts with
Nup214, anchoring it to the pore (46). It is hypothesized that
a loss of capsid integrity precedes DNA release. Following a
loss of capsid integrity, the DNA translocates through the NPC
as a complex with viral proteins (20, 41).

Herpesvirus virions also employ a stepwise disassembly;
however, unlike the case with adenoviruses, herpesvirus cap-
sids remain intact through the process. The viral envelope is
removed from the capsid when it fuses with the cell membrane
during entry. Much of the tegument also dissociates from the
capsid upon entry and during transit to the nucleus (18, 19, 32,
33, 43). We have described tegument that is released from the
capsid as loosely associated tegument and tegument that re-
mains capsid bound (VP1/2 and UL37) as tightly associated
(Fig. 8). Upon reaching the nucleus, HSV-1 capsids become
anchored to the NPC. Nucleus-bound capsids have the inter-
esting quality of being bound above the NPC with a vertex
facing the pore. Our studies support the hypothesis that cap-
sids attach to the NPC by way of an interaction with Nup358.
Once bound to the NPC, a protease of unknown origin cleaves
the tightly associated tegument, inducing a change that re-
leases the viral DNA (26). HSV-1 genome uncoating resem-
bles uncoating exhibited by double-stranded DNA bacterio-
phage, with the genome being extruded through the opening of
a channel at a unique portal-containing vertex (35).

Here we sought to develop a system that would allow us to
identify viral and cellular proteins involved in nuclear capsid
binding in the context of a live infection. In syringe loading
experiments, the presence of antibodies to VP1/2 but not other
herpesvirus proteins in the cytoplasm of infected cells led to a
decrease in the number of capsids bound to the nuclear surface

) Nucleus

Nucleus
Bound Capsid

—

@ Tightly

Loosely

HSV-1 Associated  Associated ~Nup358 Nup214
Capsid Tegument Tegument

Nuclear Pore Complex

|

FIG. 8. Model of capsid binding at the nucleus. The model depicts the fate of HSV-1 capsids in newly infected cells. After fusion at the plasma
membrane, the capsid and tegument enter the cytoplasm. Upon entry, loosely associated tegument is separated from the capsid, while a subset of
tightly associated tegument proteins (VP1/2, UL37) remain attached as the capsid transits to the nucleus. Once at the nucleus, a vertex resident
protein, possibly VP1/2, interacts with the pore to anchor the capsid with its distinctive vertex-to-pore orientation. Two nuclear pore proteins are
highlighted in this model: Nup358 and Nup214. Herpesvirus capsids are shown bound to Nup358, the putative cytoplasmic filament protein.
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(Fig. 2B). The ability of VP1/2 antibodies to reduce nuclear
capsid binding is interpreted as evidence that VP1/2 is involved
early in infection.

This experiment was designed to test the involvement of
herpesvirus proteins in capsid nucleus attachment. However,
two nonexclusive hypotheses could explain our results. VP1/2
antibodies may reduce nuclear capsid binding by attaching to
capsids, physically interfering with the capsids’ ability to inter-
act with the nucleus, or VP1/2 antibodies may attach to capsids
and impair the capsids’ ability to travel to the nucleus, perhaps
by perturbing the capsids’ interaction with microtubule motor
proteins.

Both interpretations are consistent with the observation that
VP1/2 remains capsid associated in transit to the nucleus (19,
32). VP1/2 likely resides at the capsid vertices. Its location on
the capsid depends on its interaction with the minor capsid
protein UL2S5, which is found at the capsid vertices (8, 36, 51).
A role for VP1/2 in nuclear binding could therefore explain the
capsid’s ability to orient itself at the nuclear pore with a vertex
facing the center of the pore (18, 38).

Previous studies with HSV-1 provide further support for the
hypothesis that VP1/2 is involved in contacting nuclear pores.
Ojala and colleagues showed that proteolytic digestion of tegu-
mented capsids reduced nuclear capsid binding in vitro. In the
experiment, the following tegument proteins were digested:
VP1/2, VP13/14, VP16, and VP22 (38). VP1/2 is likely the only
one of the digested tegument proteins present on incoming
capsids that reach the NPC.

Alternatively, VP1/2 may function in transporting capsids to
the nucleus. This interpretation would be consistent with in
vitro studies with HSV-1 showing that inner tegument proteins
promote motility along microtubules (48).

Experiments were also done to investigate the involvement
of nucleoporins in capsid-nucleus attachment. In syringe load-
ing experiments, Nup358 antibodies alone were found to re-
duce nuclear capsid binding (Fig. 2C). The inhibition of nu-
clear binding upon addition of Nup358 antibodies indicates
that Nup358 may play an important role in anchoring herpes-
virus capsids to nuclei. The capsids’ distance from the pore
when bound (40 to 50 nm) (18, 38) is consistent with an inter-
action with Nup358, which extends out from the pore as eight
filaments (35 to 50 nm in length) (5, 17, 30). Additionally,
fluorescence microscopy studies showed that fluorescently la-
beled capsids colocalize with Nup358 to a greater degree than
with Nup214 (Fig. 7). Nup358’s role as the nuclear receptor for
herpesvirus capsids was further supported by the reduction in
nuclear binding seen when Nup358 was removed by siRNA
treatment of cells (Fig. 6A and B).

In light of published literature (6), it was not entirely sur-
prising that nuclear binding was also reduced in cells treated
with Nup214 siRNA (Fig. 6A and B). Nup214’s localization to
the cytoplasmic entrance of the NPC channel and not to the
cytoplasmic filaments (47) makes it improbable that Nup214
plays a direct role in capsid-nucleus attachment. Rather, the
reduction of nuclear capsid binding in cells treated with
Nup214 siRNA is more likely a result of the loss of nuclear
Nup358 in these cells (confirmed by fluorescence microscopy
[Fig. 5]).

Binding of herpesvirus capsids to host nuclei is a required
step in herpesvirus infections. It is the first step in the complex
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and poorly understood process of genome uncoating. Our re-
sults support a model (Fig. 8) in which capsids attach to the
nuclear surface by way of an interaction with Nup358. The
previous report citing the involvement of importin-@ in nuclear
capsid binding points to an interaction between capsids and
Nup358 that may be indirect (38). It is tempting to imagine
that herpesviruses hijack the importin- nuclear import path-
way for delivery of genome-containing capsids to the nucleus.
It was recently demonstrated that the large tegument protein
VP1/2, shown here to play an important role early in infection,
possibly at the stage of nuclear capsid binding, contains a
potent nuclear localization sequence (1). One can imagine
importin- recognizing and binding to incoming capsids via
VP1/2’s nuclear localization sequence or another region on the
capsid and thus carrying the capsid cargo to the nucleus. Fur-
ther, Nup358 has recently been shown to play an important
role in importin o/B-dependent nuclear import (24). Once at
the nucleus, capsid-bound importin-g could interact with
Nup358 to anchor capsids to the NPC. Regardless of the in-
volvement of other cellular factors, Nup358 appears to play an
essential role in nuclear capsid binding.
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